CRITICAL FL UC TUA TIONS.

ANOMALOUS LINE SHAPES OF Fe3
Abstract. - Mossbauer measurements have shown that an incomplete annealing of the Cr203-Fez03 and A1203-Fez03 solid solutions gives rise to the anomalous Mossbauer spectra indicating the presence of either the superparamagnetic or the electronic relaxation effects in them. Detailed investigations made on the Crz03-Fez03 solid solutions show that the enhancement in the intensity of the central portions of the anomalous line shapes decreases when the annealing temperature or annealing time is increased or the sample is quenched to room temperature or the solid solution is subjected to pressure before annealing. On the other hand an increase in the Fe3+ ion-concentration or the presence of impurity ions, A13+, Gd3+ and Niz+, is seen to increase the anomalous central enhancement. Vacuum-annealing of the pure and Fez+-doped CrnO 3-Fez0 3 solid solutions gives rise to entirely new kind of Mossbauer spectra showing a Fez+-quadrupole doublet at 80 K and a broad single line at 293 K.
The problem of anomalous Mossbauer line shapes have been studied earlier both experimentally [I-31 and theoretically [4-61. In the present work study has been made regarding the line shapes of Fe3+-Mossbauer spectra in magnetically ordered Cr203-Fe203 and A1203-Fe,03 systems. It is seen that the appearance of anomalous line shapes in these solid solutions is a consequence of their incomplete annealing. This incomplete annealing arises when either the annealing temperature, Tan,, is low or the annealing time, tan,, is short. Figure 1 shows a few representative Mossbauer spectra of the (1-x)Cr203 -x Fe203 system (x = 3.85. wt %) annealed at 1250OC in air for a period of 2 hours before being slow-cooled to room temperature. These spectra clearly show the presence of anomalous line shapes which are characterised by the enhancement in the intensity of their central portions. Annealing the Cr20T3.85 wt. % Fe203 system at 1400 OC in air for a period of 10 hours has been found to make this anomalous central enhancement disappear. This has been seen to be true whether the sample is quenched or slow-cooled from 14000C. system annealed at 1 250 OC for 2 hours in air before being slow-cooled to room temperature (category C). The arrow indicates the zero velocity position and the velocity calibration is : 1 channel = 0.11 2 18 mmls. The gamma ray source was 5 7Co diffused in a copper matrix and was kept at room temperature.
after doping some of the solid solutions with nonmagnetic and magnetic impurity ions. For making these extensive studies, following samples were prepared :
-Mossbauer spectra of the CrzO3-3.85 wt. % Fez03 system annealed at 1 400 O C for 10 hours in air and then quenched to room temperature (category B). The arrow indicates the zero velocity position and the velocity calibration is : 1 channel = 0.129 96 mmls. The source used was 57C0 diffused in a copper matrix and was kept at room temperature.
2 t psi (tan, = 60 hours) and 3.75 t psi (tan, = 10 hours) respectively before being annealed in air at 1 250 O C (t psi = ton per square inch). These samples were slowcooled to room temperature after annealing. = 3.85 wt. %, were In the samples containing ~1 3 + and ~~2 ' impurity annealed in air at 1 250 O C for a period of 27 99 ' 07 ions, the ratio of the concentrations of impurity ions 26 and 6o hours and then and Fe3' ions, Xi,,,,/XFe3+, was 0.5. The samples temperature.
containing Gd3+ had (4) Samples of category D, x = 3.85 wt. %, were subjected to a pressure of 1 t psi (tar,, = 3,10,17 hours), X,,,/X,,,+ = 0.25 and 0.5 whereas for the Ni2' doped samples Ximp/XFe3+ was 0.5, 2.0 and 7.0. All these samples were fired in air, except the Fez'-doped one which was annealed in vacuum, at 1 250 OC for 10 hours and then were slowcooled to room temperature. (7) Similar to the case of AI2O3-Fe203 system [7] , vacuum-annealing is expected to create Fez+ ions in the Crz03-Fe203 system also. In order to see the effect of these Fe3+ ions, if produced, on the Fe3+ Mossbauer line shapes, sample of category G was prepared by annealing the (1 -x) Cr203-xFez03 mixture (x = 3.85 wt. %) in vacuum at 1 250 OC for 10 hours and then cooling it slowly to room temperature. For a better understanding of the results obtained in this sample, more samples were prepared. Sample of category H, x = 3.85 wt. %, was first annealed in vacuum for 10 hours and then was refired in air for the next 10 hours. The sample of category I (x = 3.85 wt. %) was annealed in vacuum for 20 hours whereas the sample of category J was just cr-FezO, annealed in vacuum for 10 hours. All these samples (belonging to categories H, I, J) were annealed at 1 250 OC and were slow-cooled to room temperature.
The results obtained are summarised in figure 3 where the temperature interval TN -T*, during which the anomalous line shapes are observed, is plotted as a function of annealing time, concentration of impurity ions, Xi,,, and the Fe3' ion-concentration, x. We see an exponential decrease in TN -T* with increasing tan, (Fig. 3a, TN = NCeI temperature) . Increasing the annealing temperature or quenching the sample after annealing or subjecting it to high pressure before annealing has also been found to decrease TN -T*. However, the effect of Tan, has been found to be more pronounced than the effects of tan,, rate of cooling and applied pressure. An annealing for even 2 hours at 1 400 OC has been seen to be enough to make TN -T* -0. As seen in figure 3b , c, the effect of both the increasing xi,, and the increasing x is to increase TN -T*. For all these samples, the Nee1 temperature, TN, have been determined by the stationary absorber technique [8] . The definition of the temperature T* is a bit arbitrary. We have taken it as the temperature at which the enhancement in the intensity of the central portion of Mossbauer spectrum starts becoming somewhat evident when the temperature is increased towards TN. More specifically, we have taken T* as the temperature where 13/11 = 1.76 ; here I, is the average amplitude of the central peaks and I, is the average amplitude of the outermost peaks in the Mossbauer spectrum.
The vacuum-annealed CrZO3-3.85 wt. % Fez03 solid solution (category G) and the Fe2+-doped sample (category F), which was also annealed in vacuum, have been found to show identical Mossbauer spectra. They do not show any six-line or anomalous Mossbauer pattern, instead they show a quadrupole doublet, with an isomer shift and splitting characte- ristic to the Fe2+ compounds, at 80 K which is seen to merge into a broad single line at room temperature (Fig. 4a ). An interesting observation is that when the vacuum-annealed Cr,O,-3.85 wt. % Fez03 system (category G) is reannealed, for the next 10 hours, in air at 1 250 OC (category H), anomalous Mossbauer spectra are observed again (Fig. 4b) . This reappearance of the anomalous line shapes is not due to any prolonged annealing since the Mossbauer spectra of the sample of category I, where tan, = 20 hours, have system when (a) annealed in vacuum for 10 hours (category G ) and (6) annealed first in vacuum for 10 hours and then in air for the next 10 hours (category H). In both the cases, the annealing temperature is 1 250 O C and the samples have been slow-cooled to room temperature after annealing. The arrows indicate the zero velocity position and the velocity calibration is : 1 channel = 0.125 38 mm/s. The source used was 57Co diffused in a chromium matrix and was kept at room temperature.
been seen to be exactly same as those of the sample of category G (Fig. 4a) . It may be mentioned here that the studies made with the sample of category J show that unlike the Mossbauer spectra of the Cr203-3.85 wt. % Fe203 solid solution, the Mossbauer spectra of the undoped a-Fe,03 system are unaffected by the vacuum-annealing. We will discuss the results of the air-fired and the vacuum-annealed solid solutions separately. The appearance of the anomalous line shapes in the incompletely annealed air-fired samples indicates the presence of either the superparamagnetic effects or the electronic relaxation effects in these solid solutions [9] . We will analyse our results on the basis of these two effects and try to investigate that which of these effects are likely to be present in the solid solutions studied here.
It has been shown in some cases [lo- 151 that an incomplete annealing of the host-impurity system produces a nonuniform distribution of the ions of the diffusing species in the host lattice. Such an inhomogeneous diffusion of the impurity ions causes clustering of these ions in the matrix of the host. These impurity ion-clusters are superparamagnetic [lo] and therefore their direction of magnetisation fluctuates randomly with a flip-time given by [6] where n -1 (k = Boltzmann's constant, X = anisotropy energy constant and V = volume of the cluster). These superparamagnetic clusters give rise to a six-line or an anomalous or a single line Mossbauer pattern depending upon whether z, > z, or z, -z, or z, < z, which, at any temperature, is essentially decided by the volume of the cluster ; evidently, bigger the cluster-size, larger is the value of z, (7, = Nuclear Larmor precession time).
It is quite likely that in the presently studied Cr203-Fe,O, solid solutions also, superparamagnetic Fe3' ion-clustering is taking place when the solid solutions are annealed at 1 250 OC for short annealing times. Assuming this to be the case, z , has been deduced by comparing the observed line shapes with the theoretically computed ones [9, [16] [17] . This gives us z, as a function of tan,, x and xi,,. Now from eq. (1) and assuming that z, and X do not depend on the clustervolume, we get the ratio V2/V1 as :
where C = kT/KV, -1 for z , -7 , . The dependence of V2/Vl on tan,, x and xi,, are shown in figure 5 ; here V , is the normalising average Fe3+ clustervolume defined suitably in figure caption for each case. We see an increase in the Fe3+ cluster-volume with increasing tan, (Fig. 5a) . It is possible to understand this result on the basis of the above mentioned superparamagnetic Fe3+ ion-clustering hypothesis. Annealing the solid solutions for a longer time is expected to diffuse the Fe3+ ions more uniformly in the host matrix. This homogeneous diffusion increases the distance between the Fe3 ' ions resulting in an increase in the volume of the Fe3' ion-clusters. As the effect of increasing the Tan, or quenching the sample or subjecting it to pressure before annealing is to decrease T, -T*, it follows that these treatments also give rise to a more homogeneous diffusion of the Fe3+ ions in the host lattice. Similarly the decrease observed in the average Fe3+ cluster-volume with increasing x and xi,, (Fig. 5b, c) indicates that the presence of Fe3+ ions in large concentration or those of the impurity ions causes a more nonuniform distribution of the Fe3' ions in the matrix of the host. This is physically understandable since the solubility of the ions of the diffusing species in the host matrix, at any temperature, [17] . We see an increase in q2/4 D with increasing annealing time. This dependence of D on t,,,, at any point q, is probably due to the fact that D is expected to depend on the concentration of Fe3' ions [18, 191 which changes at the point q when tan, changes owing to a change in the volume over which the Fe3' ions are distributed. For evaluating D, it is therefore necessary to take this effect into account. Such a calculation is being done [17] .
We will now examine the possibility of the presence of electronic relaxation effects in the 1 250 OC-annealed samples in which the anomalous line shapes have been observed. The existence of nonuniformly distributed Fe3' ions and those of the various types of lattice defects, both of which are almost absent in the 1 400 OC-annealed samples as they have been annealed out in them, creates a kind of magnetic disorder in the lattice of these 1 250 OC-annealed solid solutions. This magnetic disorder is expected to highly damp the long-range collective motions of the ionic spins existing in a normal magnetically ordered system [20] . Such a damping of collective modes greatly affects the electronic relaxation mechanisms operative in the system and the system effectively starts behaving like a paramagnetic one as far as the relaxation processes are concerned. This phenomenon can make the electronic relaxation time, z , , , , , --z , giving rise to the anomalous Mossbauer line shapes. It may be mentioned here that the NCel temperature TN, the T/TN dependence of the hyperfine field and the temperature dependence of the magnetic structure of the samples of categories A and B, which show normal Mossbauer spectra, have been found to be exactly identical with the corresponding quantities of the samples of category C where anomalous line shapes have been seen. This results puts some doubt on the presence of magnetic disorder and hence on the existence of electronic relaxation effects in the 1 250 OCannealed samples. However, to understand this result on the basis of superparamagnetic effects is also somewhat difficult and thus it is not possible to predict conclusively whether the observed anomalous spectra are due to superparamagnetic effects or the electronic relaxation effects [17] .
The results of the vacuum-annealed samples (Fig. 4 ) can be understood either by assuming the formation of FeCr204, embedded in the Cr20, host, upon
